Little is known about how some plant viruses establish successful cross-species transmission whilst others do not; the genetic basis for adaptation is largely unknown. This study investigated the genetic changes that occurred using the progeny of an infectious clone, p35Tunos, derived from the turnip mosaic virus (TuMV) UK 1 isolate, which has a Brassica host type, but rarely infects Raphanus systemically and then only asymptomatically. The genetic trajectory leading to viral adaptation was studied in a TuMV isolate passaged in Nicotiana benthamiana (parental), Brassica rapa, the old (susceptible) host and Raphanus sativus, the new (almost insusceptible) host. Almost-complete consensus genomic sequences were obtained by RT-PCR of viral populations passaged up to 35 times together with 59 full sequences of 578 200 nt. There were significant differences in the nucleotide and encoded amino acid changes in the consensus genomes from the old and new hosts. Furthermore, a 3264 nt region corresponding to nt 3222-6485 of the UK 1 genome was cloned, and 269 clones from 23 populations were sequenced; this region covered 33 % of the genome and represented a total of 878 016 nt. The results showed that the nucleotide diversity and the non-synonymous/synonymous ratio of the populations from the new host were higher than those from the old host. An analysis of molecular variance showed significant differences among the populations from the old and new hosts. As far as is known, this is the first report comparing the evolutionary trajectory dynamics of plant virus populations in old and new hosts.
INTRODUCTION
Virus adaptation to novel hosts is an example of the more general evolutionary phenomenon of invasion of and adaptation to a new niche. The new host may present challenges at the level of virus entry into cells, virus replication or transmission from the host. Only a small minority of the initial pool of viral genotypes may survive these hurdles, but if a population is established in the new host, subsequent adaptation will be likely to lead to improved adaptation in the virus.
RNA viruses have the highest mutation rates among living entities because of the lack of proofreading activity associated with RNA-dependent RNA polymerase (RdRp), with extremely high genetic variability being generated rapidly within virus populations. RNA virus populations are typically composed of a collection of sequence variants. Often, this variation within an RNA virus population has been described as being synonymous with a quasispecies (Eigen & Biebricher, 1988; Eigen, 1996; Domingo et al., 2008) . The quasispecies model requires that the population in question has a high mutation rate (which seems to be the case for all RNA viruses) and is extremely large, with all members of the population being in direct competition with one another. As a consequence, a quasispecies population structure is driven entirely by selection. Being deterministic, the quasispecies model does not allow for stochastic changes in population structure, such as those due to genetic drift. Evidence for reduced effective population sizes and genetic drift in plant viruses has been amply documented by several researchers (García-Arenal et al., 2001; Schneider & Roossinck, 2001; French & Stenger, 2003; Hughes, 2009 ).
Turnip mosaic virus (TuMV) infects a wide range of plant species, most from the family Brassicaceae . TuMV belongs to the genus Potyvirus. This is the largest genus of the largest family of plant viruses, the Potyviridae (Berger et al., 2005) . TuMV, like other potyviruses, is transmitted by aphids in a non-persistent manner. Potyviruses have flexuous filamentous particles 700-750 nm long, each of which contains a single copy of the genome, which is a single-stranded, positive-sense RNA molecule of approximately 10 000 nt. The genomes of potyviruses have terminal untranslated regions and, between these, a single open reading frame that is translated into a single large polyprotein, which is hydrolysed after translation into at least ten proteins by virus-encoded proteinases that are part of the polyprotein (Urcuqui-Inchima et al., 2001 ).
Previous studies Tomimura et al., 2003 Tomimura et al., , 2004 have shown that TuMV isolates are of four host-infecting types: (B) host-type isolates infect Brassica plants latently and occasionally and do not infect Raphanus plants; B host-type isolates infect many Brassica plants systemically, producing mosaic symptoms on uninoculated leaves, but do not infect Raphanus plants; B(R) host-type isolates infect many Brassica plants systemically, with mosaic symptoms on uninoculated leaves, but infect Raphanus plants latently and occasionally; and BR hosttype isolates infect both Brassica and Raphanus plants systemically, with mosaic symptoms on uninoculated leaves. Moreover, phylogenetic analysis using different virus isolates collected from around the world has revealed four main TuMV genogroups called basal-B (Brassica), basal-BR (Brassica/Raphanus), Asian-BR and world-B. The basal-B cluster of (B) or B host-type isolates was the most variable, was not monophyletic and came from both nonbrassicas and brassicas. The isolates in the basal-BR and Asian-BR groups and Asian isolates in the world-B group seem to be more adapted to host plants such as Brassica and Raphanus than those in the ancestral basal-B group. Most, but not all, of the European isolates belonging to the world-B group are B host types, for instance UK 1 is of B host type and belongs to the world-B group, and, although many Brassica plants are susceptible to it, it rarely infects Raphanus sativus and then systemically but asymptomatically. Despite growing interest in the molecular evolution of potyviruses (Moreno et al., 2004; Tan et al., 2004; Tomitaka & Ohshima, 2006; Ohshima et al., 2007; Tomitaka et al., 2007; Gibbs et al., 2008a, b; Ogawa et al., 2008; Seo et al., 2009) , there have been few attempts to study their adaptive evolution, although this could provide crucial information about the nature of the interaction between host and virus.
The molecular evolutionary changes that accompany changes in the host ranges of animal and plant viruses have been studied using susceptible hosts; viral populations have been transferred serially in a single or in different host(s), as reported for some viruses (Kurath & Palukaitis, 1989; Schneider & Roossinck, 2000 Hall et al., 2001; Liang et al., 2002; Novella, 2004; French & Stenger, 2005; Carrillo et al., 2007; Elena & Sanjuán, 2007; Iglesia & Elena, 2007; Wallis et al., 2007) . Similar studies of serially transferred bacteriophages (Wichman et al., 1999 (Wichman et al., , 2005 Bull et al., 1997) found two sorts of convergent change in the genomic sequences of adapted variants: some sites in independently passaged isolates had identical mutations, whereas others had different mutations, and they distinguished these as resulting from 'parallel evolution' and 'directional evolution'. However, Sacristán et al. (2005) did not find evidence of convergent evolution in cucumber mosaic virus strains passaged into different host plant species.
In an earlier study, we devised a model system for studying the adaptation of TuMV to a new (almost insusceptible) host, probably a system unique to plant viruses (Tan et al., 2005) . In the work described in this paper, we studied not only consensus sequences but also individual sequences of the genomes of long-term-passaged variants in old (susceptible) and new (almost insusceptible) hosts in order to gain further insight into host-specific adaptation, and compared the molecular and evolutionary trajectory dynamics of these populations, the first in-depth analysis of this sort for plant viruses.
RESULTS

Passaging of UK 1 variants using old and new hosts
More than 200 R. sativus plants were inoculated with p35Tunos DNA, but none became infected. Therefore, parental isolates of N1-N4 were established in Nicotiana benthamiana plants by inoculating p35Tunos DNA (Tan et al., 2005 and this study) (Fig. 1 ). All N. benthamiana plants developed the typical mosaic symptoms of TuMV on the uninoculated upper leaves within 10 days post-inoculation (p.i.); however, infected plants were kept for 60 days p.i. before these leaves were harvested for direct RT-PCR sequencing and to provide inoculum for passaging the virus. Their consensus sequences were identical to that of the TuMV-encoding insert in p35Tunos (Table 1) . Sap from the remaining upper leaves was then inoculated into 108 (for A and B lineage variants), 90 (none became infected) and 200 (for D and E lineage variants) seedlings of R. sativus, and 18 seedlings (for TPLA and TPLB lineage variants) of Brassica rapa plants. R. sativus plants are rarely infected systemically by the isolate UK 1, whereas B. rapa plants are easily infected.
The uninoculated upper leaves of all inoculated R. sativus plants were harvested at 90 days p.i. and checked for virus by double-antibody sandwich (DAS)-ELISA and RT-PCR. Two of the 108 R. sativus plants that were only inoculated with N1 reacted positively in DAS-ELISA tests, but the concentration of virions in these leaves was very low (A 405 50.12 and 0.19), only two to three times greater than the values that were found in extracts from healthy plants. We therefore used RT-PCR to check for the presence of TuMV RNA in the leaves and successfully amplified part of the genome from the same two plants, even though all the bands were faint. This was sufficient to distinguish them from the other 106 plants, which gave the same absorbance values as healthy plants. The virus stocks in these two plants were designated variants A and B and used for further R. sativus passaging (Fig. 1) . Similarly, the virus stocks from N3 were designated variants D and E. In addition, the uninoculated upper leaves showing mosaic symptoms of all inoculated B. rapa plants were harvested at 25-30 days p.i. and all the plants that were inoculated with N4 reacted positively (A 405 .1.0) in DAS-ELISA. The virus stocks in these two plants (two of 18 infected B. rapa plants were chosen) were designated variants TPLA and TPLB and used for further B. rapa passaging (Fig. 1) . In the present study, we refer to B. rapa as the old host and R. sativus as the new host.
Nucleotide substitutions in the consensus genome sequence
The distribution and translational significance of the nucleotide substitutions in populations from both old and new hosts were significantly different (Table 1) . Initial passaging of isolates from p35Tunos resulted in the full conservation of the consensus sequence as confirmed by genome sequencing of N1-N4 variants (Table 1) . During B. rapa passages, all 26 changes were in the coding region. Of these, approximately 81 % were silent substitutions, with only five (19 %) resulting in an amino acid substitution. By contrast, during R. sativus passages, 722 (99.6 %) were in the coding region. Of these, approximately 56 % were silent substitutions, with 316 (44 %) resulting in an amino acid substitution. No nucleotide change was found in the 59 non-coding region (59NCR) and the 6K1 protein gene of the variants. Only nine nucleotide changes were located in the coat protein (CP), with five of them occurring around the junction of the N-terminal and core regions (see Supplementary Table S1 ; available in JGV Online). No amino acid changes were found in the protease and polymerase proteins during the passages. In contrast, the P3 and CI protein genes seemed most prone to mutation, and had 11 and nine changes, respectively. The mutations observed in the consensus sequences were located throughout the genome, and most became fixed (see below). Among these, 12 became parallel mutations, and the mutations at nt 3394, 3468, 3620, 4674, 5257, 8882, 8883 and 8884 were clear parallel mutations.
Nucleotide substitutions in the individual sequences
Because many substitutions were located in the middle of the genomic consensus sequences of the passaged variants, we focused on the genetic variability of the individual sequences of the P3 to genome-linked viral (VPg) protein region. Each of 23 populations was sampled for genetic diversity by sequencing of a 3264 nt region corresponding to nt 3222-6485 of UK 1. Templates used for sequencing were cloned from RT-PCR products. A total of 269 clones was sequenced so that the entire dataset comprised 878 016 nt (Table 2) . Nucleotide changes observed between p35Tunos TuMV RNA and the variants during passages in the old and new hosts are shown in Supplementary Fig. S1 (available in JGV Online). During B. rapa passaging, three shared mutations among 30 mutations were observed in the variant sequences; these were at nt 4150 in the TPLA lineage, and at nt 4405 and 5428 in the TPLB lineage. The mutation at nt 4150 became fixed. In contrast, 56 shared mutations among 228 mutations were observed in the variant sequences during R. sativus passaging. Because we sequenced successive isolates in the B lineage, some characteristics of the shared mutations became apparent. Twelve out of the 56 shared mutations became fixed. Other common mutations only appeared once or twice in the populations, both in the same or in different lineages. Five shared mutations at nt 4895, 5134, 5596, 6047 and 6265 appeared in successive variants but did not become fixed. Other noteworthy mutations appeared as parallel changes, and these were observed at eight positions in the variant sequences generated in the new host. Four parallel mutations were not found in the consensus sequences but were found in the cloned sequences, and three of them did not become fixed.
Polymorphic sites in the variants of old and new hosts
The mutations found in the 23 populations are summarized in Table 2 . The entire set of B. rapa-passaged variants contained 30 different mutations present at 30 sites. Of these, 27 were singletons and were distributed among 27 polymorphic sites. Only three sites (nt 4150, 4450 and 5428) had the same mutation in 2/40 to 10/40 clones; therefore, the total number of nucleotides classified as shared mutations (i.e. those in which the identical substitution appeared at the same site in more than one clone) was 31, corresponding to '0.02 %' of the 130 560 nt sequenced. In contrast, the entire set of variants from R. sativus passaging was 228 different mutations present at 228 sites. The 172 singletons (163 substitutions, six singlebase deletions, one nine-base deletion, one 44-base deletion and one 74-base deletion) were distributed among 296 polymorphic sites. For simplicity, each position of the 74-base deletion was treated as an independent mutation. Only shared mutations were present at the remaining 53 polymorphic sites. Three polymorphic sites (nt 4168, 4895 and 5050) yielded both singleton and shared mutations in different variants, such that a total of 56 distinct shared mutations was present at 56 polymorphic sites in all the R. sativus variants. As the frequency of shared mutations at any single site varied from 2/199 to 199/199, the total number of nucleotides classified as shared mutations was 2010, corresponding to '0.3 %' of the 649 536 nt sequenced. Thus, the total number of nucleotides classified as polymorphic was 2182 (172 singletons plus 2010 shared).
Mutation frequency per nucleotide attributed to RT-PCR error and virus mutation rate
The mutations we found could have resulted from RdRp error or RT-PCR error. Although it is not possible to specify the source of individual mutations in cloned sequences, the data may be used to calculate the mutation frequency per nucleotide due to RdRp, if a correction factor (i.e. the mutation frequency per nucleotide due to RT-PCR) is known. The fidelity of the polymerase used in this study was checked by amplifying and then sequencing 37 175 nt of PCR products from cloned TuMV cDNA of known sequence. We found no mismatch between the sequences of PCR products and those of the original DNA clones; thus, the PCR error was less than 0.268610 24 . Furthermore, error due to moloney murine leukemia virus (MMLV) reverse transcriptase was assessed by assuming a maximum misincorporation rate of 0.36610 24 per nucleotide (Ji & Loeb, 1992) , indicating a combined in vitro mutation frequency of less than 0.63610 24 per nucleotide. Therefore, error due to RT-PCR accounted for less than 8 and 41 nt of the total 130 560 and 649 536 nt sequenced for B. rapa (old) and R. sativus (new) variants, respectively. Table 2 lists the mutation frequency per nucleotide calculated for each population and the entire dataset, with the RT-PCR mutation frequency per nucleotide subtracted from the uncorrected total to yield total corrected mutation frequency per nucleotide. The corrected mutation frequency per nucleotide for the entire dataset was 24 per nucleotide, a value similar to that observed with other plant viruses (Schneider & Roossinck, 2000 French & Stenger, 2005; Sanjuán et al., 2009) . The corrected mutation frequency per nucleotide for the four B. rapa populations ranged from 0.3610 24 to 3.7610 24 per nucleotide, whereas for the 16 R. sativus populations it ranged from 1.5610 24 to 9.5610 24 per nucleotide; thus, the frequency per nucleotide in the new host seemed to be greater than that in the old host. Table 3 shows the number of variants in each population. Fifty-eight mutations, including one mutation leading to a stop codon, were observed in the populations from B. *For each clone sequenced, 3264 nt from the P3-NIa genomic region were determined. DNumber of haplotypes calculated from the entire dataset by the software TCS version 1.21. The number of haplotypes considering only a mutation that occurred more than once (shared mutation) in the quasispecies sequences is shown in parentheses. dHaplotype and nucleotide diversities were calculated using the software Arlequin version 3.1. §Number of sites having a mutation that occurred more than once in the entire dataset. ||All changes attributed to RT-PCR error (0.63610 24 per nucleotide) were subtracted from the observed mutations to yield the corrected mutation frequency per nucleotide. The estimated MMLV reverse transcriptase error rate is 0.36610 24 per nucleotide (Ji & Loeb, 1992) . Moreover, no error was found in PCR products from cloned plasmids of known sequence from a total of 37 175 nt in the present study; thus, the overall error rate due to Platinum Pfx DNA polymerase was estimated to be less than 0.27610 24 per nucleotide.
Population variants
Each site exhibiting shared polymorphism was counted once in total, regardless of their frequency in the entire dataset.
Adapting virus populations rapa. Among these, 12 substitutions were non-synonymous (Nsyn) and 45 were synonymous (Syn), resulting in an Nsyn : Syn ratio of 0.267. More than 95 % were transitions and of these nearly 80 % were GAA and CAU. In contrast, 2279 mutations excluding seven deletions were observed in the populations from R. sativus, and among these, 1369 substitutions were nonsynonymous and 904 were synonymous, resulting in a Nsyn : Syn ratio of 1.514. More than 91 % were transitions and nearly 36 % of the substitutions were GAA. The specific substitutions at each site with several mutations are shown in Supplementary Table S1 and Table 4 . Only four shared mutations (nt 4005, 4150, 4405 and 5428 in the CI gene) were observed in the populations from B. rapa and all were transitions, whereas of those found in variants from R. sativus, the new host, transitions (51/56) vastly outnumbered transversions (5/56) to yield a transition : transversion ratio of 10.2 (Table 4) . None of the four shared mutations from B. rapa were nonsynonymous. In contrast, 18/56 (32 %) shared mutations from R. sativus were non-synomymous, and 7/18 (39 %) were located in the P3 gene. Four such sites, which were not found in the consensus sequences, were newly found in the variant sequences in the P3 and VPg genes. Interestingly, these were shared within or between the variants but were not fixed, and two of the four were synonymous.
Haplotypes and nucleotide diversities within and between populations of the variants from the old and new hosts
The three shared substitutions were distributed among 30 haplotypes (excluding singletons) from B. rapa. By contrast, the 56 shared substitutions were distributed among 228 haplotypes (excluding singletons) from R. sativus. The haplotype diversity values were highly variable and ranged from 0.5333 to 1.0000 from the old host and from 0.3778 to 1.0000 from the new host, and so were not significantly different. In contrast, the values of the entire datasets were 0.000779 and 0.003726 from the old and new hosts, respectively, for nucleotide diversity. Therefore, it appears that the nucleotide diversity of the populations from the new host was five times greater than that from the old host.
Composition (occurrence) and complexity (number and relative frequencies) of the haplotypes present in N1 and each passaged population of R. sativus were analysed by calculating statistical parsimony (using the TCS program) networks using a 95 % connection limit, and are shown in Fig. 2 . The founding N1 population for the A and B lineages contained seven haplotypes. One haplotype was present in 4/10 clones recovered from the N1 population and is identical to p35Tunos. The other six haplotypes occurred once in the N1 sample and contained one singleton. Populations of N1 to B1(6) seemed to have many unique haplotypes in each population, and these were clearly differentiated from one other, whilst the remaining populations of B1 (7) to B1(12) were mixed and were difficult to differentiate.
Analysis of molecular variance
Variants were analysed with regard to host factors (old vs new hosts), as these might generate significant differences among the groups considered. Populations were grouped into the old host populations. Because populations of B1 (7) to B1(12) were found to have the same haplotypes and were well adapted (as indicated by TCS analysis), we used such populations for the subsequent analysis. Table  5 shows the results of the analysis of molecular variance (AMOVA), which found that the observed type and frequency of the haplotypes in the populations was no different from what would be obtained randomly. The results obtained for the P3-VPg region and the P3, CI and VPg genes were different. The only significant sources of variation were groups formed using the P3-VPg region and the P3 gene (P,0.05), and this factor contributed to the total variation, with genetic differentiation values ranging from 17 to 47 %, although the percentage variation varied depending on the gene analysed.
DISCUSSION
Despite the potential for plant pathogens in one species to 'emerge' and infect another, little is known about how some establish successful 'species jumps' whilst others do not. The objective of this study was to see how a virus population changed during this process and which of the nucleotide or amino acid changes in its genomes are necessary to adapt to a novel host. So far, the passaging of virus populations has been studied by transferring them between hosts or host cells of different susceptible species, although there have been a few studies of transmission to insusceptible species with bacteriophages (Bull et al., 1997; Wichman et al., 1999; Crill et al., 2000) and animal viruses (Badgett et al., 2002) . However, we succeeded in finding a system for studying virus adaptation to a novel host that was an almost insusceptible host plant, R. sativus (Tan et al., 2005) . In the present study, we inoculated sap from parental virus stocks of the p35Tunos infectious clone, maintained in N. benthamiana, into a large number of different Brassicaceae species and varieties. including Matthiola incana, Nasturtium officinale, Brassica narinosa, Brassica campestris, Brassica oleracea and Brassica pekinensis (data not shown). However, despite several attempts, only R. sativus was found to be useful for simulating virus adaptation and so allowing us to identify the mutations enabling the virus to acquire a novel host. This model system was used in the present study and showed that the trajectory dynamics of populations of TuMV evolving in Table 5 . AMOVA for haplotype distribution of TuMV genes/regions when the population is grouped by the variants from old (susceptible) and new (almost insusceptible) hosts d.f., Degree of freedom; NS, non-significant. Significance was tested with 10 000 permutations with Arlequin version 3.11 software (Excoffier et al., 2005) . F CT , correlation of chlorotypes within groups relative to total; F SC , correlation within populations relative to groups; F ST , correlation within populations relative to total. The population was grouped by the variants from the old [TPLA(11), TPLA(18), TPLB(9) and TPLB(18)] and new [A1(8), UK1 B1(7), UK1 B1(8), UK1 B1(9), UK1 B1(10), UK1 B1(11), UK1 B1(12), UK1 B2212121, UK1 B22121211] hosts. an old and a new host were indeed different, by surveying the consensus and individual genomes.
Gene or region
Twenty-six mutations were detected in the consensus genomes of the six variants obtained from B. rapa, whereas 725 mutations were detected in the consensus genomes of the 49 variants obtained from R. sativus. Many of the latter may have been responsible for adapting the virus populations to the new host; however, others may be mere 'evolutionary noise'. An indicator of adaptive change at the molecular level is convergent selection resulting in 'fixed' or 'parallel' mutations (Bull et al., 1997) . We found many fixed mutations in the R. sativus-passaged variants, but also 13 possible parallel mutations in the consensus sequences, and concluded that these were likely to be involved in adaptation to R. sativus. In particularly, five parallel mutations were located in the C terminus of the P3 gene, indicating that this is probably one of the most important genes or regions for adaptation to R. sativus. A previous study showing that the C terminus of the P3 gene is involved in determining the severity of symptoms in Brassicaceae has been reported .
One surprising finding was the high frequency of fixed silent substitutions (52/83) in the genomes of R. sativusadapted variants (Supplementary Table S1 ). Synonymous or silent mutations have traditionally been considered neutral (Li, 1997) , as the sequence of the corresponding protein remains unchanged and thus phenotypic differences are not expected. One hypothesis to explain the number of neutral changes is that it involves hitchhiking (linkage) with beneficial missense substitutions. In the TuMV data, however, this model is unlikely because most of the silent substitutions that appeared in the R. sativus variants were identical to substitutions seen in other isolates when compared with 101 previously published genomic sequences of TuMV collected in nature (data not shown). These independent, parallel mutations suggest that the silent substitutions are themselves beneficial or perhaps that combinations of changes are beneficial. In fact, Sanjuán et al. (2004) showed that only a small fraction of point substitutions are neutral in RNA viruses, regardless of translational effects.
There are probably many evolutionary processes responsible for the fixation of changes in R. sativus-adapted variants, like that of the seventh-passage variant B1(6) shown in Table 6 . One is that the variants could have experienced sequential selective sweeps. Another is that all changes could have occurred concurrently, so that a variant swarm was generated as the population became simultaneously polymorphic for all combinations of the individual changes. The latter picture may best explain the data. For instance, at passage 7, 16 nucleotide changes were present as 'common' polymorphisms, being observed in at least two clones, and hence present at a significant level and not simply as variant mutations.
Most RT-PCR-induced errors would be expected to occur as singletons (Smith et al., 1997) , and most shared substitutions in the dataset may be considered as having arisen by RdRp error. The RT-PCR error rate estimated in our study was less than 0.63610 24 per nucleotide; there were fewer than 49 nucleotide mistakes in a total of 780 096 nt of sequencing (Table 2) . We found a total of 199 singletons in the variants of B. rapa and R. sativus in the present study (Table 2) ; thus, 21 % of them may have been artefacts but the remainder not, so we calculated their haplotype and nucleotide diversities. The haplotype diversities between the subpopulations passaged in the old and new hosts were almost the same, whereas their nucleotide diversities were different, indicating that R. sativus constrained TuMV more than B. rapa. This was confirmed by the Nsyn : Syn ratios of the populations from old and new hosts (Tables 3 and 4) . Nsyn : Syn ratios in each subpopulation from the old hosts were ,1.0, whereas those from the new hosts were all .1.0.
Genetic bottlenecks may occur in virus populations when only a few individuals spread from one host to another, or when a virus population moves systemically from the infection site (Sacristán et al., 2003; Li & Roossinck, 2004; Ali et al., 2006) . Genetic bottlenecks are stochastic events that reduce genetic variation of a population and result in small founding populations, and hence can lead to genetic drift. When a few genomes or even a single genome of a virus population is randomly chosen to generate a new population, there is a high probability that it carries a mutation not found in the fittest genomes of the parental population. We investigated evolutionary trajectory dynamics of virus populations in old and new hosts. The variants in the new hosts were probably affected by significant bottlenecks and did not attain the infectivity of the parental population, even after several passages. The variants were adapted to R. sativus for 14 passages over about 6 years. Although the infectivities of the variants to R. sativus varied from 10 to 97.1 % (of the parents) in the B lineage, uninoculated upper leaves of the infected plants often showed transient mild mosaic and unclear chlorotic spots after the fifth passages; the symptoms were similar but not identical to those of native TuMV isolates, and appeared at 2 weeks p.i. and were visible only for 2-3 weeks (data not shown). We inoculated the variants of the A, B, D and E lineages onto both R. sativus and B. rapa at the same time; for instance, variants B1(12) and B221212111 infected 25/29 (86 %) and 29/32 (91 %) inoculated B. rapa plants, respectively. Thus, the variants passaged in R. sativus seemed not to be attenuated to B. rapa, the old host, even after 13 passages. To our knowledge, this is the first in-depth analysis comparing the evolutionary trajectory dynamics of plant virus populations in old and new hosts.
METHODS
Viruses and host plants. The infectious clone p35Tunos (Sánchez et al., 1998) . p35Tunos was used as the source of all virus lineages used in this study. Virus isolates were maintained in B. rapa cv. Hakatasuwari and N. benthamiana, which are susceptible to UK 1, and the virus was adapted by successive passaging to increase its virulence in R. sativus cv. Akimasari. We thus considered R. sativus to be a new (almost insusceptible) host and B. rapa to be an old (susceptible) host. All inoculated plants were kept in a greenhouse at 25 uC.
Serial passages. First, 2 mg p35Tunos DNA was inoculated onto N. benthamiana plants. The inoculated plants showed clear mosaic symptoms within 10 days p.i. These plants provided the parental virus stocks, designated N1-N4. They were kept in a greenhouse for 60 days p.i., and sap from N1-N3 was used to inoculate the first of a series of successively infected R. sativus plants. The systemically infected upper leaves of each N. benthamiana plant were collected and homogenized separately in potassium phosphate buffer (pH 7.0). Each sap extract was inoculated onto the primary leaves of young B. rapa plants, and, respectively, onto the primary leaves of 108, 90 and 200 young R. sativus. Clear mosaic symptoms appeared on all B. rapa plants at 10-14 days p.i., whereas none of the R. sativus plants showed visible symptoms, even at 90 days p.i. The uninoculated upper leaves of each of the 398 R. sativus plants were collected at 90-120 days p.i. and indexed for the presence of TuMV by a DAS-ELISA (Clark & Adams, 1977) and also by RT-PCR (see below). The virus samples from the upper leaves of the plants that gave positive reactions in both Table 6 . Polymorphic sites in the 16 clones prepared from the seventh-passage variant B1(6)
The nucleotide positions are ordered in the first column corresponding to changes observed in the PCR consensus sequence (first 13) and those that were not observed in the consensus sequence (last 20). Each of the last 16 columns represents a different clone corresponding to a different viral isolate. A '6' denotes the evolved (non-ancestral) base. The first column indicates the genomic nucleotide positions (numbered as in UK1 genome; Jenner et al., 2000 Jenner et al., , 2002 of the changes detected.
DAS-ELISA and RT-PCR were designated variants A, B, D and E, and these were used for further adaptation by passaging in R. sativus; at each transfer, one or more of the variants with the greatest DAS-ELISA absorbance value at 405 nm (A 405 ) was chosen as the source of inoculum for infecting the next R. sativus plants (Fig. 1) , and these were kept for a further period of 90-180 days to enable the virus to adapt further. In addition, sap from N4 was used to inoculate the first of a series of serially infected B. rapa plants. The uninoculated upper leaves of each of the B. rapa plants showing mosaic symptoms were collected at around 30 days p.i. and indexed for the presence of TuMV by DAS-ELISA; these were used for further passaging in B. rapa.
Detection of variants. DAS-ELISA was carried out as described by Tan et al. (2005) . RT-PCR was carried out as follows. RNAs were extracted from the uninoculated upper leaves of inoculated plants using ISOGEN (Nippon Gene) as instructed by the manufacturer. UK 1 RNAs in the extracts were reverse-transcribed into cDNAs using the negative-sense primer TU3T9M [59-GGGGCGGCCGC(T) 30 -39], which hybridizes to the 39-terminal poly(A) region of the viral genome. The cDNAs were then amplified into dsDNA using as the primer pair TU3T9M together with TUNIB15P [59-TTGA(C/ T)AA(G/A)GAACCAGCTCAAG-39], which hybridizes to the 39 end of the nuclear inclusion b (NIb) gene of UK 1. Reverse transcription was carried out using ReverTra Ace reverse transcriptase (Toyobo) at 42 uC for 1 h. PCR was carried out for 20-35 cycles of denaturation at 94 uC for 15 s, annealing at 40 uC for 30 s and extension at 68 uC for 60 s using the high-fidelity Platinum Pfx DNA polymerase (Invitrogen). The homogeneity and concentration of amplified cDNAs were checked visually after electrophoresis in agarose gels. The infectivity of the variant samples was estimated from the number of plants that gave positive reactions in both DAS-ELISA and RT-PCR.
Consensus sequences of the whole genomes of the variants. In the first analysis, RT-PCR products from virus-infected plants were analysed; thus, the products represented a consensus of common changes in the virus population. The RNAs of variant viruses were extracted from UK 1-infected leaves using ISOGEN. The RNAs were reverse-transcribed and amplified by PCR using the conditions given above. The amplified cDNAs were electrophoresed in agarose gels, and the bands were excised and separated from the gel using a QIAquick Gel Extraction kit (Qiagen). The nucleotide sequences of the complete genomes of the variants were obtained by primer walking along the genome in both directions, using a BigDye Terminator version 3.1 Cycle Sequencing Ready Reaction kit and a Genetic Analyzer DNA model 310 (Applied Biosystems). The 35 nt sequences used as primers to amplify 59 ends of the genome were not sequenced. Sequences were assembled using BioEdit version 5.0.9 (Hall, 1999) .
Variant individual sequences of the P3-VPg protein region. To examine the sequence variation in individual genomes, a region of the viral genome was cloned in several variants. The variants were N1, N3 and N4 from N. benthamiana plants, TPLA(11), TPLA(18), TPLB(9) and TPLB(18) from B. rapa, and A1(8), B, B1, B(2)-B(12), B2212121 and B22121211 from R. sativus. The viral RNAs were extracted from TuMV-infected leaves. UK 1 RNAs in the extracts were reversetranscribed into cDNAs using the negative-sense primer TuNIA24M . The cDNAs were then amplified into dsDNA using as the primer pair TUNIA24M or TUNIA25M together with TUP323P. The latter has the sequence 59-CCCGCGGCCGCG(A/G)(A/T/C)(A/ G)(C/T)(A/C)GATTTAGGCGGCA-39 and hybridizes to the middle of the P3 gene (nt 3203-3221) of UK 1. The products were DNA fragments of 3264 nt (nt 3222-6485) in length. All primers had a NotI site (underlined). The RT-PCR products were cloned into the NotI site of pBluescript II SK + . Plasmids were maintained in Escherichia coli XL1-Blue (Stratagene). Sequences from each clone were determined using several primers.
Variation analyses. The P3-VPg protein genomic sequences of clones derived from the populations sampled were aligned using the program CLUSTAL_X 2.0 (Larkin et al., 2007) . Haplotype diversity was calculated from the frequency and number of haplotypes in the population using Arlequin version 3.11 (Excoffier et al., 2005) or DnaSP version 5.0 (Librado & Rozas, 2009 ). The nucleotide diversity was estimated using Kimura's two-parameter correction (Kimura, 1980) . To explore the more recent history of UK 1 variants, haplotype networks were constructed with TCS version 1.21 (Clement et al., 2000) using default settings and assumptions, with indels treated as missing data. Plausible branch connections between haplotypes were tested at both 90 and 95 % connection limits. Spatial population structures and genetic differences were examined by a hierarchical multilocus AMOVA using Arlequin version 3.11. The statistical significance of the results was tested by 10 000 non-parametric data permutations.
